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The evolution of superconducting properties of BSCCO superconductors, inadvertently hosting the two superconducting 
phases Bi-2212 and Bi-2223 have been investigated in pristine and Pb doped BSCCO. The superconducting transition 
temperature TC of Bi-2212 phase monotonically increases with increasing Bi-2223 phase fraction. On the other hand Bi-
2223 phase exhibits depression in TC for its lower phase fractions (<24%) but attains its bulk value as Bi-2223 phase fraction 
is increased to 30%. This behavior has been rationalized by invoking the interplay of proximity effects between the two 
coexisting phases and establishment of Bi-2223 superconducting percolation path. In addition to aiding the formation of 
BSCCO with higher Bi-2223 phase fraction, the Pb substitution also leads to an enhancement of critical current density by 
the creation of pinning centres. 
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1 Introduction 
High temperature superconductors (HTSCs) have 
been a topic of perpetual interest because of their 
considerably high superconducting transition temperature 
(TC), intricate nature of superconductivity and potential 
technological applications. Cuprate superconductors, 
accounting for the lion’s share of the HTSCs, 
have layered structures where the phenomenon of 
superconductivity is observed in the Cu-O2 plane with 
the spacer layers acting as charge carrier reservoirs1-3. 
Among the family of cuprate superconductors, Y-
based HTSCs have been extensively studied. Bi-based 
superconductor BSCCO, being the first HTSC which 
did not contain a rare earth element, is another class 
of cuprate HTSC discovered in 1988 by Maeda et al.1 
with the general formula Bi2Sr2Can-1CunO2n+4 where, n 
is the number of Cu-O2 planes. Superconducting 
properties are found to be enhanced with an increase 
in the number of Cu-O2 planes and n = 1, 2, and 3 
correspond to Bi-2201, Bi-2212, and Bi-2223 phases 
respectively3, with the corresponding superconducting 
transition temperature, TC’s of 20 K, 85 K, and 110 K. 
However, obtaining the phase pure Bi-2223 had 
remained extremely challenging task because of 
the complex reaction mechanism involved in the 
synthesis process and the intergrowth of the other 
phases4 like Bi-2201 and 2212. Several strategies5-12 
have been employed in the attempt to get an enhanced 
superconducting property by increasing the phase 
fraction of Bi-2223 like addition of Pb13,14, annealing 
the sample for prolonged duration near its melting 
temperature4,9, controlling oxygen partial pressure 
during sintering10 etc. Among these, Pb substitution 
in BSCCO has emerged as a promising strategy 
which not only aids in the enhancement of the 
superconducting critical temperature by stabilizing the 
Bi-2223 phase15 but also increases the critical current 
density by acting as pinning centres6. 
The inadvertent presence of Bi-2212 phase along 
with Bi-2223 in the BSCCO samples provide a natural 
composite system in which two superconducting 
phases one with lower TC residing in proximity with 
the other phase having higher TC. In this scenario, it 
is interesting to investigate the evolution of the 
superconductivity in this composite system as a 
function of their phase fractions. With this objective, 
we have synthesized pristine and Pb-substituted 
BSCCO through solid state reaction route culminating 
in different phase fractions of Bi-2212 and Bi-2223 
phases and performed detailed investigations on their 
superconducting properties. The evolutions of 
superconductivity of Bi-2212 and Bi-2223 phases in 
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these systems have been qualitatively rationalized 
within the realm of proximity effect. The effect of Pb 
substitution on the enhancement of JC, a property 
relevant from application point of view, is also 
investigated.  
 
2 Materials and Methods 
Polycrystalline samples of BSCCO and Pb-
substituted BSCCO [B(Pb)SCCO] with starting 
composition Bi2Sr2Ca2Cu3O10 and Bi1.75Pb0.25Sr2Ca2 
Cu3O10 respectively were prepared by solid state 
reaction route. High purity precursors (oxides and 
carbonates) were preheated to remove the moisture 
and then the stoichiometric amounts were weighed 
and ground to obtain a homogeneous mixture. The 
mixture was then calcined at 840 oC for 24 hrs at a 
slow heating and cooling rate of 2.7 oC/min. The 
calcined powder was then ground well, pelletized and 
sintered at 840 oC for 24 hr. It was then quenched in 
liquid nitrogen to arrest the state of the sample with 
the requisite property as the temperature window of 
the formation of the Bi-2223 phase is very narrow 
(835-855 oC). This process of grinding, pelletizing, 
and sintering with subsequent quenching of the 
sample was repeated many times to get the final 
sample with the required properties. Several sets of 
BSCCO and B(Pb)SCCO samples were synthesized 
which yielded different phase fractions of Bi-2212 
and Bi-2223 by repeating the annealing conditions. 
BSCCO(0), BSCCO(19) and BSCCO(24) samples 
were obtained after repeating the process of grinding, 
pelletizing and sintering of the sample with the 
starting composition Bi2Sr2Ca2Cu3O10 once, thrice, 
and five times, respectively. B(Pb)SCCO(30) was 
obtained after repeating the process of grinding, 
pelletizing and sintering of the sample with the 
starting composition Bi1.75Pb0.25Sr2Ca2Cu3O10 thrice. 
The structural properties of the samples were studied 
by X-ray diffraction (XRD) characterization performed 
in Laboratory Powder Diffractometer (D500 STOE) 
using Cu-K radiation (1.54 Å) in the -2 Bragg-
Brentano geometry. Morphological and elemental 
analyses of the samples were carried out using 
scanning electron microscopy (SEM) combined with 
energy dispersive X-ray spectroscopy (EDS) 
incorporated with a Peltier-cooled silicon drift 
detector. Temperature dependent DC electrical 
resistivity measurements in the temperature range of 
4.2 to 300 K were measured via four probe method in 
Van der Pauw configuration for both the samples in 
an in-house built dip-stick cryostat. Magnetization 
measurements were carried out using a SQUID 
Magnetometer in the temperature range of 3 to 300 K 
and the magnetic field range of 0 to 7 T. Magneto-
transport studies of BSCCO and B(Pb)SCCO samples 
were performed by applying the magnetic field 
perpendicular to the sample in the temperature range 
of 4-120 K and upto a magnetic field value of 15 T. 
 
3. Results  
The representative XRD patterns of a BSCCO as 
well as a B(Pb)SCCO samples are shown in Fig. 1. 
The peak positions are indexed by comparing with 
ICDD data. The phase percentage of Bi-2223 phase in 
BSCCO and B(Pb)SCCO is calculated using Eq. 1, 
where, 𝐼    and 𝐼    are the intensities of (0 0 
10) and (0 0 8) which are the two nearby peaks of Bi-






.      
100             ... (1) 
 
Among several sets of BSCCO and B(Pb)SCCO 
samples synthesized, the samples with systematically 
increasing Bi-2223 phase fractions of 0 %, 19 %, 24 
%, and 30 % , designated as BSCCO(0), BSCCO(19), 
BSCCO(24), and B(Pb)SCCO(30), respectively, have 
been chosen for further studies. The crystal structures 
of both the phases present in these samples are found 
to be body centred tetragonal with the space group 
I4/mmm. The lattice parameters of Bi-2212 phase in 
BSCCO(24) are found to be a=3.81 0.01 Å and c= 
30.74 0.01 Å, and that of the Bi-2223 phase are 
found to be a=5.39 0.01 Å and c= 37.20 0.01 Å. 
The a-lattice parameters for both the phases in 
 
 
Fig. 1 — XRD patterns of BSCCO(24) and B(Pb)SCCO(30).
Inset shows the variation of the crystallite sizes of the Bi-2212 
phase with Pb substitution. 




BSCCO(24) and B(Pb)SCCO(30) samples are found 
to be the same. However, the c-lattice parameters  
are found to decrease by 0.20 Å in B(Pb)SCCO(30) 
sample. The average crystallite size of Bi-2212  
phase in BSCCO(24) and B(Pb)SCCO(30) extracted 
using Scherrer formula are found to be ~305 nm and 
~505 nm, respectively. The EDS measurements 
confirmed the presence of all the constituent  
elements of these samples without any impurity. The 
compositions of the respective samples extracted  
from the EDS data are found to be Bi2.28Sr1.89 
Ca1.48Cu2.52O10.82 and Bi1.82Pb0.22Sr1.74Ca1.55Cu2.63O11.53 
with an error of ~2-5 %. The Sr/Ca ratio is determined 
for BSCCO(24) and B(Pb)SCCO(30) samples from 
their calculated composition. The Sr/Ca ratio for 
BSCCO(24) and B(Pb)SCCO(30) is found to be 1.28 
and 1.12, respectively. A lower Sr/Ca ratio implies 
higher Bi-2223 phase fraction as Bi-2223 phase has 
twice the number of Ca atoms in comparison to Bi-
2212 phase17,18. Hence the results from EDS 
measurement also supports the fact that Pb aids in the 
enhancement of Bi-2223 phase fraction in BSCCO. 
Variation of temperature dependent electrical 
resistivity (T) of BSCCO(0), BSCCO(19), BSCCO(24), 
and B(Pb)SCCO(30) are shown in the Figs. 2(a-d) 
respectively. The onset superconducting transition 
temperature (TC,ON ) is obtained from the intersecting 
point of two tangents drawn around the region where 
(T) drops precipitously and the offset (TC,OFF) is 
taken at temperature of occurrence of zero resistivity. 
TC,ON1 corresponds to the superconducting transition 
onset of Bi-2223 phase and TC,ON2 corresponds to that 
of Bi-2212 phase. TC represents the width of the 
superconducting transition. The values of TC,ON1, 
TC,ON2, TC,OFF and TC of all the samples, BSCCO(0), 
BSCCO(19), BSCCO(24), and B(Pb)SCCO(30) are 
tabulated in Table 1. Figure 2(a) represents the (T) 
curve of BSCCO(0). A single superconducting 
transition corresponding to Bi-2212 phase with a 
TC,ON2 of 77 K and TC,OFF of 62 K  
is observed in this sample. The absence of TC,ON1 hints 
to the absence of Bi-2223 phase. The (T) of 
BSCCO(19) is shown in Fig. 2(b). A double transition 
emanating from Bi-2212 and Bi-2223 superconducting 
phases are observed with TC,ON1 at 96 K and TC,ON2 at 
82 K in this sample. The increase in TC from 15 K in 
BSCCO(0) to 37 K in BSCCO(19) arises on account 
of the presence of both phases in the latter. In 
BSCCO(24) sample, the TC,ON1 and TC,ON2 are found to 
be at 98 and 90 K, respectively, as seen in Fig. 2(c). 
The (T) of B(Pb)SCCO(30) as depicted in Fig. 2(d) 
reveals a single transition with TC,ON1 of about 113 K 
which corresponds to the onset of Bi-2223 phase. 
In order to bring out the effect of magnetic field on 
superconducting behaviour of Bi-2212 and Bi-2223 
phases coexisting in pristine and Pb substituted 
BSCCO samples, the temperature dependence of the 
normalized resistance [R(T)/R(120K)] in the magnetic 
field range of 0 to 15 T for representative samples, 
BSCCO(24) and B(Pb)SCCO(30), are presented in 
Fig. 3(a) and 3(b), respectively. From Figs. 3(a) and 
3(b), it is evident that the superconducting transitions 
broaden with the application of magnetic field which 
is indicative of the energy dissipation by the 
movement of fluxoids19. The resistance caused by the 
flux flow in the thermally activated region is given by 
the Arrhenius relation20 given by Eq. 2, where 𝑈  is 
 
 
Fig. 2 — Electrical resistivity as a function of temperature (a)-(c) of
BSCCO containing 0%, 19%, and 24% of Bi-2223 phase respectively
and (d) B(Pb)SCCO with 30% of Bi-2223 phase. Inset in each graph
highlights the superconducting transition region. 
Table 1 — TC onset and offset of BSCCO and B(Pb)SCCO as obtained from the (T) measurement. 




TC,OFF (K) TC (K) 
BSCCO (0) - 77 62 15 
BSCCO (19) 96 82 59 37 
BSCCO (24) 98 90 65 33 
B(Pb)SCCO (30) 113 - 94 19 




the activation energy, 𝑅  is the normal state resistance 
taken at 120 K and 𝑘  is the Boltzmann constant. 
 
𝑅 𝑅 exp 𝑈 𝑘 𝑇⁄                                       … (2) 
 
Figures 4(a-b) depicts ln(R/R0) vs T
-1 plots for 
different applied magnetic fields for BSCCO(24) and 
B(Pb)SCCO(30), respectively. Pinning activation 
energy (𝑈 ) corresponding to Bi-2212 phase for all 
the samples have been extracted from the linear 
portion of ln(R/R0) vs T
-1 plots in low temperature 
regime below TC,ON2. The values of 𝑈  at a field  
of ~0.002 T is found to be 256, 187, 99, and 1630 
meV for BSCCO(0), BSCCO(19), BSCCO(24), and 
B(Pb)SCCO(30), respectively. The systematic 
decrease of 𝑈  in BSCCO samples may arise due to 
decrease in phase fraction of Bi-2212. The sudden 
increase in 𝑈  for B(Pb)SCCO(30) is attributed  
to enhancement in pinning centre caused by Pb 
substitution. The variation of 𝑈  with respect to the 
applied magnetic field (H) for Bi-2212 of BSCCO(24) 
and B(Pb)SCCO(30) is shown in the insets of Figs. 
4(a-b), respectively. The field dependent behaviour of 
𝑈  is further analyzed by performing a power law 
fitting to 𝑈  ~ H- as shown in the insets of Figs. 4(a-
b). Here fitting parameter 𝛼 implies the characteristic 
topological arrangement of the fluxoids. It is 
noteworthy to see that 𝑈  vs H fits to different values 
of  for low field (H2T) and high field (H>2T) 
regimes. The values of  is found to be 0.01 and 0.06 
in low field (LF) regime for BSCCO(24) and 
B(Pb)SCCO(30), respectively. In high field (HF) 
regime, on the other hand, the values of  increase to 
0.5 and 0.3 for BSCCO(24) and B(Pb)SCCO(30), 
respectively. The value of  reflects the dimensionality 
of the vortex lattice;  = 0.3-0.5 corresponds to two 
dimensional arrangement of vortices21. This means 
that the arrangements of vortices appears to be two 
dimensional in HF regimes in these samples and is 
almost independent of field in the low field regime. 
Similar change over vortices behaviour from LF to 
HF regimes has been seen earlier19. 
Temperature dependent magnetization measurements 
were performed at various magnetic fields ranging 
from 0 to 7 T. Figures 5(a-b) show a representative 
zero field cooling (ZFC) and a field cooling (FC) 
curve for BSCCO(24) and B(Pb)SCCO(30), respectively, 
at an applied magnetic field of 0.01 T. The ZFC and 
FC curves clearly revealed the superconducting 
 
 
Fig. 3 — Temperature dependence of the normalized resistance in
the magnetic field range of 0 to 15 T for (a) BSCCO(24) and (b)
B(Pb)SCCO(30) bulk samples. 
 
 
Fig. 4 — Arrhenius plots of R(T) for different applied magnetic
fields for (a) BSCCO(24) and (b) B(Pb)SCCO(30) samples. Red
lines represent the linear fit to extract Uo. Inset in each graph




Fig. 5 — ZFC and FC magnetization (m) curves for (a)
BSCCO(24) and (b) B(Pb)SCCO(30) at 0.01 T applied magnetic
field portraying the TC onsets. 




transition onset at 95 and 110 K for BSCCO(24) and 
B(Pb)SCCO(30), respectively, which is located at  
a 3 K lower value than those obtained from T) 
measurements. A two step superconducting transition 
emanating from the presence of the two phases is 
evident from the magnetization curves. In order to 
investigate the evolution of critical current density 
(JC), magnetic field dependent magnetization  
(M-H) measurements were performed at various 
temperatures for both the samples. A representative 
graph showing the M-H curve at T=3 K is shown in 
the inset of Fig. 6(a) from which JC is calculated using 
Bean’s model equation22,23 given by Eq. 3, where, M 
is the width of the magnetization loop at a certain 
magnetic field, and a and b are the breadth and length 
of the sample, respectively. 
 
JC=20M/a(1-(a/3b))                                          … (3) 
 
Figures 6(a-b) shows the variation of JC as a 
function of magnetic field at 3 K and as a function  
of temperature at 0.25 T, respectively. It is seen  
from these figures that B(Pb)SCCO(30) exhibits 
considerably higher values of JC than that of 
BSCCO(24). The enhancement in JC in B(Pb) 
SCCO(30) is consistent with the considerable increase 
observed in pinning potential 𝑈  in this sample. The 
pinning force density (FP) for both the samples are 
calculated24 using the Eq. 4.  
 
FP=o JC×H                                                        … (4) 
 
A representative plot of FP of BSCCO(24) as 
function of field at various fixed temperatures is 
shown in Fig. 7. The inset in Fig. 7 compares field 
dependent FP of BSCCO(24) and B(Pb)SCCO(30) at 
3 K which complies with the fact that the Pb acts as a 
pinning centre, thereby preventing the motion of the 
vortex lines and hence resulting in higher JC(T,H) 
values25. 
 
4 Discussion  
In what follows, we try to understand qualitatively 
the evolution of superconductivity in BSCCO and 
B(Pb)SCCO systems, comprising of Bi-2212 and Bi-
2223 phases coexisting in proximity to each other, 
with the help of schematic diagram shown in  
Figs. 8(a-d). This explanation involves the effect of 
two phenomena, first, electrical conduction path 
facilitating percolation of Cooper pairs and the 
second, proximity effect induced modifications in 
properties of two superconducting phases, i.e., Bi-
2212 and Bi-2223. In this schematic representation, 
four regimes based on the systematic increase of Bi-
2223 phase fraction (F2223) in overall matrix of Bi-
2212 phase are envisaged. Fig. 8(a) represents the 
first regime in which Bi-2223 phase content is 
negligibly small (F2223 0), e.g., BSCCO(0) which 
contains primarily Bi-2212 phase and yield TC,ON1 
~77K (Fig. 2 (a)) close to its reported bulk value2 of 
803K. In second regime which contains low Bi-2223 
phase content (F2223 < 20%), the system is akin to Fig. 
8(b). Here grains of Bi-2223 phase are sparsely 
dispersed in matrix of Bi-2212 phase. The electrical 
conduction path involves interconnection of primarily 
Bi-2212 phase in series with Bi-2223 as shown in  
Fig. 8(b). When superconductivity sets in high TC Bi-
2223 phase, the Bi-2212 phase remains in normal 
metallic state. In this scenario, Cooper pairs from  
 
 
Fig. 6 — (a) The magnetic field dependent critical current density
(JC vs H) at 3 K and (b) the temperature dependent critical current
density (JC vs T) at 0.25 T for BSCCO(24) and B(Pb)SCCO(30).




Fig. 7 — Magnetic field dependent inter-granular pinning force 
density (FP) of BSCCO(24) at various temperatures. Inset 
illustrates the enhancement of FP with Pb substitution. 




Bi-2223 penetrate into adjacent Bi-2212 matrix. This 
results in decrease of TC of Bi-2223 phase due to 
reduction in number density of cooper pairs from its 
bulk value. However, the number density of cooper 
pairs leaked from Bi-2223 grains into Bi-2212 matrix 
remains too small to cause appreciable enhancement 
in TC of the latter above its bulk value. The sample 
BSCCO(19) represent this regime in which TC ~ 96K 
of Bi-2223 phase is seen to be depressed from its bulk 
value ( ~110 K), while TC of Bi-2212 phase changed 
only marginally to 82K (see Fig. 2(b)). Further 
increase of Bi-2223 phase content to intermediate 
value of F2223 ~ 25 %, representing third regime as 
shown in Fig. 8(c), leads to substantial enhancement 
in the number density of cooper pairs entering into  
Bi-2212, which boosts its superconductivity, giving 
rise to an increase in TC of Bi-2212 phase above its 
bulk value. Simultaneously, due to the leakage of 
cooper pairs, there is a decrease in TC of Bi-2223 
phase, though to a lesser extent as compared to the 
second regime represented by Fig. 8(b). The sample 
BSCCO(24) conforms to the third regime and 
displays TC,ON2 at 90 K which is much above the TC 
onset of Bi-2212 phase, while TC,ON1 at 98 K 
corresponding to that of Bi-2223 phase. It should be 
mentioned that in the third regime, as the TC,ON1 still 
remain smaller than the bulk value of Bi-2223 phase, 
it is speculated that the phase content F2223 is not 
sufficient to provide full percolation path connecting 
the Bi-2223 grains. Fig. 8(d) represents the fourth 
regime in which phase content goes up beyond F2223 ~ 
30 % and a percolation path is establishes within Bi-
2223 grains. Here, due to availability of percolation 
path, TC,ON1 pertaining to Bi-2223 exhibits its bulk 
value1-2 close to ~1105K. The Pb substituted sample 
namely B(Pb)SCCO(30) complies with this regime 
which exhibits only TC,ON1 of 113 K corresponding to 
Bi-2223 as seen from Fig. 2(d). It should be remarked 
that the critical phase concentration required to  
attain percolation threshold for emergence of 3D 
superconductivity in cuprates is reported26 to be 
around 30% which is in accordance with our result.  
 
5 Conclusion 
The effects of Pb substitution and annealing 
conditions on the superconducting properties of two 
coexisting phases, namely Bi-2212 and Bi-2223, in 
the BSCCO superconductor have been studied. It is 
observed that TC of Bi-2212 phase monotonically 
increases over its bulk value with increase of Bi-2223 
phase fraction. On the other hand TC of Bi-2223 
phase, which was initially depressed for lower phase 
fractions, resumes its bulk value as Bi-2223 phase 
fraction reaches 30%. This behavior has been 
rationalized by invoking proximity effect and 
establishment of Bi-2223 superconducting percolation 
path. Superconducting critical current density is found 
to be enhanced in B(Pb)SCCO as Pb acts as a pinning 
centre, thereby preventing the motion of the vortices.  
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